A protein identifiable as calmodulin has been isolated from oat (Avena sativa, var Garry) tissues. This protein is relatively heat stable, binds to hydrophobic gels, and phenothiazines in a calcium-dependent fashion, and binds to antibody to rat testes calmodulin. Based on its migration on sodium dodecyl sulfate-polyacrylamide gels, ultraviolet absorption spectrum, and amino acid composition, oat calmodulin is essentially identical to calmodulin isolated from other higher plants. Radioimmunoassays indicate that calmodulin is associated with isolated oat protoplasts, mitochondria, etioplasts, and nuclei and also appears to be a component of oat cell wall fractions.
Much evidence has accumulated recently to support the hypothesis that Ca 2 plays a major role in mediating the adaptations of plants to certain environmental changes (12, 22) . As in animals, at least some Ca2-imediated responses in plants are con- trolled by Ca2-binding regulatory proteins. Among these, the most studied and best characterized is calmodulin (1) .
We have published reports suggesting a possible role for calmodulin in mediating phytochrome and gravitropic responses in Avena saliva (oats) (2, 21) . As part of our ongoing research on this question, we have isolated and characterized calmodulin from oats and have estimated its content, both in intact tissue and in isolated subcellular fractions, by radioimmunoassay. Here we report the results of these experiments.
MATERIALS AND METHODS Plant Material. Except where indicated, the starting material for all extractions was taken from the coleoptiles and primary leaves of 3-to 4-d-old dark-grown oat (A vena sativa, var. Garry) seedlings, harvested 5 to 7.5 mm above the seed. The oats were grown on water-saturated vermiculite at 27C.
Calmodulin Isolation. Two extraction methods were employed.
'Supported by grants from the National Aeronautics and Space Administration (NSG 7480 Each started with about 1 kg of oat tissue which had been chilled at 4°C before harvest. Method 1 (fluphenazine affinity gel method) is a combination of the methods of Charbonneau and Cormier (4) and Caldwell and Haug (3) . The 3 mM NaCl, 60 mM CaC12. The solution was further purified on a 1.5 x 8.8 cm phenyl-Sepharose column, as previously described (7) . Calmodulin fractions, eluted by an EGTA-containing buffer, were pooled and dialyzed against distilled HO.
Both methods gave approximately equal yields and purity of calmodulin. Recent attempts to purify oat calmodulin from centrifuged crude homogenates loaded directly onto fluphenazine-affinity columns have also been successful, yielding calmodulin of identical properties. However the use of this procedure results in a rapid deterioration of the affinity column. Calmodulin samples from both purification methods were routinely further purified by fractionation on a Waters uBondapak Phenyl Column using HPLC (15) .
Calmodulin Assay: Phosphodiesterase Activity. Biological activity of calmodulin samples was estimated by their ability to promote activity of PDE. Partially purified PDE was prepared by the methods ofCheung (5) , and was further purified by passing the partially purified PDE through an Affi-Gel calmodulin column (Bio-Rad Laboratories). The activity of PDE was monitored by the spectrophotometric method of Dedman and Means (6) .
Organelle Isolations. Nuclei were isolated from mature oat embryos by the procedures of Luthe and Quatrano (14) , starting with I g of embryos. Etioplasts were isolated by the method of Jacobson (I 1), using 8-d-old etiolated leaf tissue. Mitochondria were isolated from chilled 4-d-old etiolated oat tissue as described previously (24) . Outer mitochondrial membranes and mitoplasts were prepared by the methods of Moreau and Lance (17) .
Protoplast Isolation. Protoplasts were isolated from 4-d-old coleoptile tips of oats which were incubated in 5 mm Mes (pH 5.8), 1 mM CaCl2, 0.5% (w/v) BSA, and 2% (w/v) Cellulysin (Calbiochem) as recommended by Hampp and Ziegler (9) . The incubation was at 30°C for 5 to 6 h, and protoplasts were filtered through 100aum nylon mesh, pelleted by low speed centrifugation and washed twice.
Isolation of Soluble Cell Wall Components. The isolation of soluble compounds from the cell wall or extracellular solution via centrifugation has been described previously by Terry and Bonner (25) . The modifications to this procedure were that 7.6 to 7.9 g of 1-cm leaf sections, cut 0 to 2 cm above the coleoptile remnant of light-grown 14-d-old oats, were packed into four syringe tubes and rinsed in 10 mm KCI for 15 min followed by a 45-min rinse with 5 mM KCI, 29 mm sucrose. The sections were vacuum infiltrated with 4°C distilled H20 and centrifuged at lOOOg for 6 min. This was repeated twice. The extracellular solution from the three centrifugations was combined and analyzed for malate dehydrogenase (8, 26) , PEP carboxylase (19) and calmodulin. Three to 4 grams of leaves which had been centrifuged were homogenized in a mortar and pestle with 2 g PVP (Sigma, No. P-6755) and 55 ml of 100 mM Tris (pH 8.0) containing I mM EGTA, 5 mM MgC92, and 5 mm DTT. The homogenate was clarified by centrifugation for 30 min at 40,000g. Some of the extracellular solution from separate experiments was concentrated 40-fold in an Amicon Ultrafiltration Cell Model M-3 with a 10,000 mol wt cut-off filter (Type C from Anspec).
Trypsin Digests. Surface calmodulin was removed from isolated etioplasts, mitochondria, mitoplasts, and outer mitochondrial membrane by proteolysis with trypsin. Isolated organelles were exposed to 160 gg/ml trypsin for 30 min at 4°C. Following this proteolysis period the suspension was diluted with 5 ml of resuspension buffer containing 10,000 kallikrein-inactivating units aprotinin and I mM PMSF. The material was then pelleted by centrifugation and washed twice with buffer before use. RIA of Calmodulin. Calmodulin radioimmunoassay kits were purchased from CAABCO Inc. (Houston, TX). These assays were of the competitive-binding type employing 251I-labeled calmodulin and affinity purified antibody against rat testes calmodulin. The kits were used according to the enclosed instructions.
In addition to calibration of the assay kit by use of animal calmodulin standards (included with each kit), equivalent oat calmodulin standards were also run to determine the crossreactivity of the antibody for oat calmodulin.
Electrophoresis. SDS-PAGE of calmodulin samples was performed as described in (27) on 12.5% acrylamide gels containing 1 mM EGTA or 1 mM CaC12. Gels were fixed in 20% methanol, 5% formaldehyde, 0.15 M sulfosalicylic acid and stained with Coomassie blue for visualization of the proteins. Figure I shows a composite picture of SDS polyacrylamide gels of calmodulin-containing fractions collected from a fluphenazine affinity column. When the gel contained small amounts of calcium these fractions normally produced only a single band (mol wt of approximately 15,000) when stained with Coomassie blue. However, when SDS-PAGE was performed either in the presence of EGTA or the absence of added calcium, either a single band with a mobility indicating a mol wt of approximately 17,000 or two bands of apparent mol wt of 17,000 and 19,000 were observed. Identical results were obtained with fractions collected from protein purified by the hydrophobic gel method.
RESULTS
Because published reports (28, 29) indicated that the fluphenazine-affinity and hydrophobic-gel-purified calmodulin might not be as homogeneous as SDS-PAGE seemed to indicate, further purification of this material by reverse phase HPLC was performed by the methods of Marshak et al. (15) . Sixty to 70% of the protein loaded onto a Waters gBondapak Phenyl HPLC column could be recovered in one sharp peak eluted at 30% acetonitrile. This material was capable of PDE activation, bound to calmodulin antibody when tested by RIA, and produced an absorbance spectrum (Fig. 2 ) very similar to that reported by Anderson et al. (1) for peanut calmodulin. Most of the remaining protein was eluted in the void volume or at 20% acetonitrile and was not capable of PDE activation or binding to calmodulin antibody.
The HPLC-purified material was further analyzed for amino acid composition at the Amino Acid Analysis Center at the University of Texas at Austin. The results of this analysis are indicated in Table I along with values obtained by others for calmodulin from spinach, peanut, barley, and bovine brain. The composition of oat calmodulin appears to be essentially the same as that reported for spinach and is very similar to the composition reported for calmodulin from other higher plants. It has a high ratio of acidic to basic amino acids, 1 tyrosine, 1 histidine, and 1 trimethyllysine.
The ability of antibody against animal calmodulin to bind oat calmodulin was also used to characterize and localize oat calmodulin. The binding affinity of the antibody is 8 to 10 times less for oat calmodulin than for rat calmodulin but is still within a useful range (Fig. 3) . With this information it was possible to quantify the calmodulin content of oat tissues, protoplasts, and isolated subcellular components using purchased RIA kits for calmodulin. Table II shows the results of quantification of calmodulin by RIA from several readily available preparations used in our laboratory. Calmodulin was shown to be associated with isolated protoplasts, cell wall solutions, and all intact organelles tested.
The amount of calmodulin contained in the isolated cell wall solution is greater than that which reasonably could be assumed to be a result of cellular leakage. To test for contamination by cytoplasmic enzymes, malic dehydrogenase and PEP carboxylase activities were monitored in the cell wall solution. Malate dehydrogenase activity in the cell wall solution was less than 0.05% that of a whole tissue homogenate. No PEP carboxylase activity could be detected in the cell wall solutions, even when they were concentrated 120 times. accounted for by the added labeled calmodulin. Calmodulin-affinity purified PDE showed as much as a 10-fold increase in activity in the presence of saturating amounts of added calmodulin (Table III) observed between the activation of PDE modulin or by oat calmodulin.
by bovine brain cal-DISCUSSION The evidence presented here indicates the presence of the protein species identifiable as calmodulin in oat tissues. This molecule binds calcium, phenothiazines, and calmodulin specific antibody. It migrates on SDS-polyacrylamide gels in a fashion identical to calmodulin from other plant species (1, 27) and, typical ofcalmodulin, it activates bovine brain PDE in a calciumdependent fashion, is relatively heat stable, and has increased hydrophobicity with calcium (7). Most convincing is the fact that the protein characterized here has an amino acid composition virtually indistinguishable from that of calmodulin from other plant sources (Table I) . Experience has indicated that oat tissues contain highly active proteases which can rapidly degrade calmodulin during the isolation procedure. Every effort was made to limit this proteolysis. Isolation procedures were performed quickly at low temperature and potent protease inhibitors, such as aprotinin and PMSF, were included in the isolation media. Quick-frozen, freeze-dried, and acetone-extracted tissues were used to further minimize the activity of proteases. When these stringent methods were used, the per cent of undegraded calmodulin purified from oat tissues could be as high as 20% of that estimated to be present in oat tissue by RIA. The amounts ofcalmodulin indicated to be present in isolated oat tissue, protoplasts, organelles and other fractions by RIA must be viewed in light of the possibility that at least some of the material assayed to be calmodulin may be other calciumbinding proteins. Van By our assays the mitochondria contain a relatively large amount of calmodulin, in agreement with the findings of Muto (18) in wheat, and Hatase et al. (10) in rat liver. Some of this mitochondrial calmodulin could be removed by trypsin digestion ofthe surface of intact mitochondria. Once the outer membrane was removed from the mitochondrion, neither the outer membrane nor the remaining mitoplast appeared to contain significant amounts of calmodulin. By elimination, it appears that some of the calmodulin is located between the inner and outer membranes. Such calmodulin could be linked to phytochromecontrolled calcium movements into and out ofthe mitochondria (21) and calcium-modulated ATPase activity (24) .
More than half of the calmodulin associated with isolated nuclei can be removed by an EGTA wash, but the amount remaining is still significant. Calmodulin has been shown to be associated with histones and the control of protein kinases in wheat leaves (20) , and calmodulin-like activity has been found associated with chromatin from pea buds (16) . The known regulatory roles of calcium in mitosis and cytokinesis of plant cells are also consistent with a nuclear locale for calmodulin (22) .
Our results, together with those of Muto (18) and Jarrett et al. (12) indicate that calmodulin is a component of highly purified preparations of several organelles from several different plants. This result is of direct significance to those studying calciumregulated phenomena in isolated organelles. Our results also support the hypothesis that calmodulin is an endogenous component ofat least mitochondria and etioplasts in oats. Additional important data on this hypothesis should result from in situ localization studies and from investigations of calmodulin-regulated enzymes in these organelles.
